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enzyme; sarcoplasmic reticulum; zinc THE CARDIAC SARCOPLASMIC RETICULUM (SR) plays the dominant role in cardiomyocyte excitation-contraction coupling as the specific subcellular organelle that stores, releases, and takes up calcium ion (Ca 2ϩ ) to activate and deactivate the force-producing myofilaments (5) . The cardiac ryanodine receptor 2 (RyR2) bound to the organellar membrane in the junctional SR senses Ca 2ϩ influx through the juxtaposed L-type calcium channel on the T-tubule sarcolemma and opens to release SR Ca 2ϩ stores (7) . The sarco(endo)plasmic reticulum Ca 2ϩ ATPase 2a bound to the longitudinal SR pumps Ca 2ϩ back into the SR and is inhibited by its regulatory companion protein phospholamban (PLB) (14) .
The phosphorylation of PLB at sites S 16 by protein kinase A (PKA) and T 17 by calmodulin-dependent protein kinase-II disinhibits sarco(endo)plasmic reticulum Ca 2ϩ ATPase 2a. Protein phosphatase-1 has so far been identified as the primary phosphatase to dephosphorylate both of these sites (17) . The balance between kinase and phosphatase activities proves to be particularly important in governing the rate of Ca 2ϩ removal and associated diastolic function over a range of performance demands on the myocardium signaled in part by adrenergic drive (14) .
We have previously reported that PLB and RyR2 are dephosphorylated after the infusion of 50 M Zn 2ϩ into the coronary beds of isolated rat hearts (32) . A Zn 2ϩ -induced dephosphorylation of these SR proteins suggests that a phosphatase has been activated or a kinase deactivated by Zn 2 . In the current study, we hypothesized that a zinc-dependent phosphatase, namely tissue-nonspecific alkaline phosphatase (TNAP), is at least partially responsible. TNAP is bound to cellular membranes of several different organ systems including endothelial cells lining blood vessels (22) . Its placement within the cardiomyocyte has been previously reported using confocal microscopy, although its localization could not be discerned because of resolution limitations (20) . Previously published electron micrographs (EMs) of TNAP activity suggest its absence from the cardiac sarcomere (22) . In the present study, we employed EMs to image TNAP activity in the cardiac sarcomere of mice that had been injected with Zn acetate, which according to our hypothesis would be expected to enhance TNAP activity and facilitate its detection. We demonstrate here that TNAP activity is found in the cardiac sarcomere and is localized in or near the SR with higher Zn 2ϩ -induced activity in males compared with females. In contrast, TNAP total content appears lower in males compared with females. These data suggest a novel mediator of SR Ca 2ϩ handling that is sensitive to Zn 2ϩ availability and differs in content and regulation between the sexes.
METHODS
Solutions. Chemicals and reagents were obtained from Sigma (St. Louis, MO) unless otherwise noted. Krebs-Henseleit solution consisted of (in mM) 108.8 NaCl, 4.0 KCl, 1. Electron microscopy. LV papillary muscle samples were fixed in 2.5% glutaraldehyde/1.0% paraformaldehyde in 0.1 M cacodylate buffer (pH 7.2) for 60 min at 4°C, rinsed three times with cacodylate buffer, and then rinsed three times in 0.1 M Tris-maleate buffer (pH 8). TNAP activity was revealed by incubating samples in 1 mM ␤-glycerophosphate, 2 mM CeCl 3, 0.00015% Triton X-100, and 5% sucrose in Tris-maleate buffer for 2 h at 37°C. Negative controls consisted of omitting ␤-glycerophosphate or CeCl3 or by addition of 20 mM levamisole (31742 Fluka). All samples were then dehydrated with a series of ethyl alcohols and infiltrated and embedded in Spurr's epoxy resin. Thin sections were prepared with a diamond knife, retrieved onto 150 mesh nickel grids, and contrasted with alcoholic uranyl acetate and lead citrate. Samples were imaged with a JEOL 1400 transmission electron microscope (JEOL USA, Danvers, MA) operating at 80 kV, and images were acquired with an AMT XR611 CCD camera.
TNAP dephosphorylates PLB. LVs from two male mice without tail injection were harvested, homogenized in relaxing solution with 0.05 mg/ml saponin, and digested overnight at 4°C. Samples were centrifuged, and the supernatant was exposed to 100 U/ml PKA (P-2645) for 2 h at 4°C and then to 10 g/ml PKA inhibitor (P-0300). Separate samples were then prepared with different combinations of 0.45 nM recombinant TNAP ( Western blot analysis. LVs were homogenized in relaxing solution, run on 18% Tris·HCl gels (Bio-Rad), transferred to nitrocellulose, and blotted using primary antibody for phosphorylated PLB-S 16 T 17 (No. 8496, Cell Signaling). Blot was incubated for 2 h at room temperature. Washes were followed by using Tris-buffered saline (No. 170-6435, Bio-Rad) with 0.05% Tween-20 (No. 161-0781). Blot was incubated with anti-rabbit IgG (H&L) horseradish peroxidase conjugate (No. W4011, Promega) and visualization was done by Versa Doc Imagine system (Bio-Rad). Western blot analysis for GAPDH content was detected using primary anti-GAPDH antibody (Cal. No. ab8245, Abcam) with secondary antibody is anti-Mouse IgG (H&L), horseradish peroxidase conjugate (Ref. No. W4021, Promega). TNAP density was detected using anti-tissue nonspecific alkaline phosphatase (No. LS-B6663, LSBio), and two different protein loads of 1.8 and 3 g were used to verify linear range of densitometry before quantification. (Fig. 1B) . This potent dephosphorylation of PLB by Zn acetate in the males is in agreement with that reported for Zn acetate infusion into the coronary beds of isolated male rat hearts (32) . There was no apparent effect of Zn acetate injection on PLB-S 16 T 17 phosphorylation status in the females (Fig. 1B) . Zn 2ϩ -induced activation of TNAP. TNAP localization in cardiac tissue was visualized by EM imaging of the hydrolysis product of TNAP enzyme acting on the exogenous substrate ␤-glycerophosphate. Figure 2A illustrates the electron dense areas at the ends of the sarcomere Z-line, which corresponds to SR structures in striated muscle after bolus injection of Zn acetate into a male mouse tail vein. Without injection of Zn acetate, the electron dense areas corresponding to TNAP activity in the male myocardium were visible but not as distinct (Fig. 2B) . TNAP activity in or near the SR, including SR surrounding mitochondria (8) , was also detected in female mouse cardiac sarcomere after Zn acetate injection (Fig. 2C) although not as dense as in the male. TNAP activity was not visually apparent in the female mouse cardiac sarcomere without Zn acetate injection (Fig. 2D) , which is consistent with previous negative results in female rat myocardium (22 Figure 2E illustrates the absence of TNAP activity detected in male cardiac sarcomere upon removal of ␤-glycerophosphate as substrate and therefore provides a control for the imaging method. A similar lack of staining was observed when CeCl 3 was removed from the process (not shown). Figure 2F demonstrates knockdown of TNAP activity in male myocardium with the addition of the inhibitor levamisole to the process, thus providing a further control for TNAP activity.
RESULTS

TNAP acts on
TNAP activity in endothelial cells within cardiac tissues has been previously reported (22) and in our study was most apparent after injection of Zn acetate. Figure 3 , A and B, illustrate the localization of TNAP activity in the caveolae of endothelial cells that surround blood vessels in both male and female mouse myocardium, respectively. Figure 3C illustrates the loss of staining when CeCl 3 is removed from the process, and Fig. 3D illustrates the inhibition of TNAP activity by levamisole. Figure 4A demonstrates detectable protein levels of TNAP in mouse myocardium. Two different loads of each sample were prepared to verify that densitometry of Western blots was performed within the linear range of optical densities (Fig. 4B) . The density-to-GAPDH ratios were used as relative measures of TNAP content (Fig. 4C) , which was lower in males compared with females (Fig. 4D) . This result is surprising, however, in that the TNAP activity observed above was higher in males. The discrepancy between content and Zn 2ϩ -induced activity implies that TNAP activity may be highly dependent on Zn 2ϩ regulation particularly in males.
TNAP content.
DISCUSSION
We provide here compelling evidence for the presence of TNAP in the cardiac SR, the activation of cardiac TNAP by Zn 2ϩ availability in vivo, and a substantial sex difference in cardiac TNAP content (low in male/high in female) that does not account for the sex difference in Zn 2ϩ -induced activation of TNAP in vivo (high in male/low in female). Because TNAP is able to bring down PLB phosphorylation status with Zn 2ϩ , TNAP would be expected to play a role in the regulation of SR Ca 2ϩ uptake due to Zn 2ϩ availability. Although not tested here, RyR2 is another SR calcium regulatory protein whose phosphorylation is likely affected by cardiac TNAP activation by Zn 2ϩ as previously reported (32) . Sex differences in the Zn 2ϩ -induced dephosphorylation of PLB and activation of TNAP suggest a limited sensitivity to Zn 2ϩ regulation in females and possibly a high susceptibility to a loss of this mechanism during zinc deficiency in males.
Zinc deficiency in the general population and particularly in individuals at risk of cardiac dysfunction is more pervasive than generally appreciated. Zinc deficiency (defined as Ͻ10.7 M Zn 2ϩ in blood plasma) occurs in ϳ15% of nonhospitalized aging persons in a Western society (6) and with greater occurrence in non-Western societies (27) . Zinc deficiency accompanies all incidences of congestive heart failure detected in one cohort of octogenarians (26) and correlates significantly with the incidence and severity of ischemic cardiomyopathy (29) , idiopathic dilated cardiomyopathy (23, 28, 30) , and hypertrophic cardiomyopathy (28) . Medications for hypertension and heart failure, including diuretics; angiotensin-converting enzyme inhibitors; and angiotensin II receptor blockers elevate zinc clearance in the urine and result in a systemic loss of serum zinc (12) . The data we provide in the current study imply that a reduced activation of TNAP due to even subclinical zinc deficiency may play a role in the maintenance of a heightened phosphorylation status of PLB and possibly also RyR2, especially in patients taking commonly prescribed cardiac medications.
An elevated phosphorylation status of PLB-S 16 T 17 as may occur with zinc deficiency would be expected to enhance SR Ca 2ϩ uptake rate. This particular consequence of zinc deficiency would theoretically improve diastolic function and inhibit progression to heart failure (5, 25) but would also elevate SR Ca 2ϩ load. An elevated phosphorylation status of RyR2 associated with zinc deficiency, on the other hand, could have profound negative effects on cardiac function. Phosphorylation of RyR2-S 2808 , for example, has been implicated as reducing RyR2 affinity for FK506 binding protein, 12.6 kDa molecular mass, which plays an important role in reducing RyR2 open probability and SR Ca 2ϩ leak (10, 18) . Phosphorylation of RyR2-S 2814 also elevates RyR2 open probability and can especially raise the risk of arrhythmia and cardiac arrest (31) . The net effect of zinc deficiency on TNAP-dependent functions of SR calcium handling proteins, at least in males, would be an elevated SR Ca 2ϩ load and leak, respectively. Considering that extracellular Zn 2ϩ inhibits the L-type calcium channel inward current (1, 32) and reduces SR Ca 2ϩ load (32), one consequence of zinc deficiency would be a substantial elevation in cardiomyocyte Ca 2ϩ content mediated in part through the downregulation of TNAP. A: TNAP in mouse myocardium was detectable by Western blot analysis. B: using two different protein loads on the same gel, linear densitometry for both TNAP content and GAPDH after background subtraction was verified. TNAP-to-GAPDH ratio was used to quantify the relative amount of TNAP in each sample. M, male; F, female; Arb, arbitrary units. C: relative amount of TNAP in male hearts was significantly lower than that in females. *P Ͻ 0.05 by t-test; n ϭ 4 for each sex.
Given that TNAP content is lower in male hearts compared with female hearts, sex hormones likely play a role in TNAP expression and/or accumulation in the myocardium and other tissues such as endothelial cells. TNAP activation by Zn 2ϩ may likewise be regulated differently between the sexes. The influx of extracellular Zn 2ϩ into the cardiomyocyte requires membrane depolarization (2) and occurs at a rate proportional to depolarization frequency (24) . The primary influx pathway has been shown to be the L-type calcium channel (1), which can be modulated by the zinc efflux transporter 1 in cardiomyocytes (16) . It is therefore likely that at least one of these mechanisms, L-type calcium channel or zinc efflux transporter 1, is responsible for cardiomyocyte Zn 2ϩ accumulation and TNAP activation. It should be noted that we have not excluded the possibility that Zn 2ϩ could have additionally deactivated a kinase, such as calcium/calmodulin-dependent kinase-II, which is very important in maintaining PLB and RyR2 phosphorylation status (4) and is known to be deactivated by Zn 2ϩ (3, 15) . It is unclear at this time whether the source of TNAP in the cardiac SR is the nuclear DNA of the cardiomyocyte. TNAP is found in high concentrations in the blood, and these circulating levels can permeate the extracelluar matrix to reach sites where its function is required such as during skeletal mineralization (19, 21) . Although a thorough examination as to the source of cardiac TNAP in the sarcomere is clearly warranted, we did not perform a study of gene expression in the myocardial tissue in the current work, because we would not have been able to differentiate mRNA levels in cardiomyocytes from those in endothelial cells. Control of blood borne TNAP and isolation of myocardial cell types for an in situ hybridization examination of gene expression would likely be necessary to pursue these studies.
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